Introduction
Raman spectroscopy is a powerful vibrational spectroscopic technique that can differentiate molecular structures based on the inelastic scattering of monochromatic light, such as laser light. A Raman spectrum, otherwise called a molecular fingerprint, therefore provides rich chemical information with high specificity, which can be used in both qualitative and quantitative analytical applications. It offers several advantages over other spectroscopic methods: 1) suitability for biological cells and tissues [water is a weak Raman scatterer]; 2) does not require any sample pretreatment [no need for external dye probes or genetic manipulations]; 3) a low or non-invasive method, and hence suitable for in vivo applications. Raman spectroscopy, when combined with a microscope, achieves sub-μm spatial resolution, which can provide detailed spaceresolved molecular information and visualize their intracellular distribution. Owing to its ability to detect biochemical changes at the molecular level, Raman spectroscopy has gained much attention as a bio-analytical tool in recent years, and has been successfully applied in myriad different problems in biological and medical sciences, which include, but not limited to, structural identification and label-free biomolecular imaging of living cells, [1] [2] [3] [4] [5] [6] [7] cellular metabolic pathways, 8, 9 cellular discrimination, [10] [11] [12] [13] tissue characterization, 14, 15 disease diagnosis, prognosis and therapy. component analysis (PCA) and clustering analysis (CA) are two popular methods. PCA gives an orthogonal set of principal spectral components that have both positive and negative features. Though it is helpful for deducing the number of different sources of variation present in the data set and partially decomposes molecular information, the results are only abstract solutions with no physical meaning. [21] [22] [23] [24] Cluster analysis, another widely used spectral decomposition method, partitions a dataset into a pre-determined number of subgroups of similar spectra by statistically analyzing the variations. It has been successfully applied to identify intracellular structures and discriminate tissue environments. 14, 25 However, the identified spectral components may or may not represent pure chemical component in real terms because it is only an average of all members in the subgroup. Therefore, there is a need to develop methods that not only identify the number of components involved, but also the nature of components i.e., extract pure chemical information from raw spectrum obtained from mixtures.
Multivariate curve resolution-alternating least-squares (MCR-ALS) method, also known as non-negative matrix factorization or self-modeling curve resolution, is useful in this regard. MCR, a matrix factorization technique, involves linear combination of a prescribed number of spectral components under constraints, such as non-negativity to both spectral and concentration profiles. This leads to the extraction of physically meaningful spectra that represent pure chemical components without any prior information concerning the nature of the sample. 26 In fact, it has already been made use of in many spectroscopic techniques, which include LC/MS, [27] [28] [29] [39] [40] [41] It is only recently that Raman spectroscopists have become interested in employing MCR to disentangle dynamic changes of multiple bio-molecular components in complex samples, like cells and tissues. This review provides an overview of applications of MCR assisted Raman spectroscopy, and focuses on some selected papers that emphasize its recent advancements, particularly in biological and medical sciences. Section 2 describes the method used to understand how MCR-ALS works. Section 3 presents some recent examples of how MCR-ALS has helped to deepen our understanding in cell biology and cellular biochemistry at the single cell level. Section 4 discusses medical applications of MCR-ALS, while particularly focusing on disease diagnostics.
Method
MCR-ALS analysis is a matrix approximation method that iteratively finds the matrices of pure component spectra and their relative abundances (distribution images). Suppose that we have a data matrix A (a m × n non-negative data matrix) containing experimental Raman spectra whose rows m represent number of pixels in each spectrum (wavenumber axis) and columns n represent number of spectra acquired at different measurement points (time, position or chemical composition etc.). In MCR-ALS, a low-rank approximation of matrix A is obtained by solving the following equation:
where W is a m × k matrix whose columns represent pure component spectra and H is a k × n matrix whose rows represent intensity profiles of corresponding pure spectral components (Fig. 1) . The parameter k defines the number of components in the constructed model, and is determined a priori by the user. An appropriate number of components can be best estimated beforehand either from singular value decomposition (SVD) or principal component analysis (PCA). However the number obtained from SVD or PCA should not be considered a fixed value, and models with slightly different numbers (both smaller and larger) should be constructed and evaluated before making a final decision on the accuracy of the analytical model. In general, W and H are iteratively refined using alternating least squares so that the Frobenius norm ||A-WH|| 2 is minimized. Additionally, non-negative constraints on both W and H matrices (W ≥ 0; H ≥ 0) are also imposed, since neither the Raman spectra nor its concentration profiles can take negative values in practical terms. Therefore, MCR-ALS analysis, which only requires non-negative constraints, has huge advantages over other factorization methods, such as SVD or PCA (require orthogonality of each component) in spectral analysis and provides physically meaningful results that can be interpreted in a straightforward manner.
Given the complexity in decomposing spectral components from biological samples (e.g., cells and tissues) and low signalto-noise Raman data (especially in imaging data sets), it is desired to improve the prediction accuracy and the interpretability of the model. In this regard, Lasso regression (L1-norm; α) can be used:
where E is a k × k matrix whose elements are all unity. An additional penalty such as ridge regression (L2-norm; β), is also commonly used to obtain a sparser solution: (
where I is a k × k identity matrix. Initialization is also a key point to be considered while implementing the algorithm. Initial guesses for W and H can either be random non-negative values or be based on other methods, like SVD. Additionally, any known information about the spectral or concentration profiles can also be included before the analysis. Therefore, a few trials should be done with different initialization methods and number of components while keeping the experimental data in mind to gain experience. Eventually, appropriate parameters should be decided by the user in advance to construct a meaningful model.
Cellular Applications

3·1 Cell wall polysaccharide imaging
The cell wall, though absent in animal cells, plays key roles, such as providing rigidity, structural support and offers protection against mechanical stress in fungi, plants and prokaryotic cells. Most of the cell walls are composed of complex polysaccharide-based materials.
Moreover, its composition, properties and form changes depending on the cell type, cell cycle stage and growth conditions. Adding to the complexity is the structural similarities of these polymers. Traditionally, many analytical and microscopic (optical and electron microscopy) methods have been utilized for understanding the cell wall structure and composition. However, these are either destructive and too specific, or lack chemical information, while also being expensive and time consuming.
Hence, it is important to develop methods to study multiple components of the cell wall simultaneously with high specificity. Raman micro-spectroscopy has been suggested as an alternative, since it provides complete chemical information with both specificity and high spatial resolution in a non-destructive manner. However, another level of complexity arises owing to high structural similarities of such matrix polymers, which lead to many overlapping Raman bands. Several multivariate techniques have been employed in this regard, but the success of MCR-ALS is overwhelming since it can provide interpretable pure spectral component along with their distribution maps from imaging data sets.
For example, fungal cell walls are medically important since they represent a drug target site for antifungal drugs. However, the fungal spore wall architecture is poorly understood due to the lack of methods that can identify and image multiple components via α-glucan, β-glucan, mannan, chitin, chitosan etc. at the single cell level. Recently, we imaged fungal cell and spore wall components successfully by employing Raman microscopy in a fission yeast model, as shown in Fig. 2 . 42 With the help of MCR-ALS analysis, the pure component spectra of intracellular bio-macromolecules, such as proteins, lipids and a couple of polysaccharide components, were obtained ( Fig. 2A) . Comparisons of the polysaccharide components from MCR with pure chemical standards revealed them to be glucan and mannan polymers (Fig. 2B) . Corresponding MCR analyzed Raman images showed quite different distribution maps in vegetative cells and spores. It was revealed that while the yeast vegetative cell wall was made up of both α-and β-glucans, the spore wall was exclusively made of α-glucan. Additionally, from correlation images, mannan was found to be distributed primarily in spores, but was absent in the ascal wall (Figs. 2C  and 2D ). Such detailed information concerning the dynamic spore wall architecture can only be understood by applying MCR-ALS.
Similarly, plant cell wall architecture is also quite complex with primary and secondary layers. Major polysaccharides that make up these structures include cellulose, hemicellulose, pectin, lignin etc. Investigating the cell wall composition together with their structure at different stages is expected to reveal a comprehensive picture of biomolecular changes during plant cell wall development. In fact Raman spectroscopy has been utilized to study plant cell walls with high chemical specificity. [43] [44] [45] [46] However, MCR-ALS coupled approach is scarce. Chylinska et al. have demonstrated that it is possible to distinguish cellulose and pectins in the cell wall of tomato tissue from minimally prepared samples by employing MCR-ALS analysis. 47 Moreover, their distributions were also visualized with high specificity, which is otherwise not possible using single band imaging. Recently, Liu et al. utilized hyperspectral stimulated Raman scattering microscopy coupled with MCR-ALS to reveal spatial distribution of functional groups of lignin in plant cell walls. 48 Concentration maps of the aromatic ring, aldehyde C=C and alcohol C=C bonds were constructed from studies on wild-type and transgenic Arabidopsis plants. A further spatially distinct distribution of aldehyde and alcohol groups was found in the thickened secondary cell wall of bristle grass, a widely used biomass model. Real time monitoring of the reduction of aldehyde to alcohol has also been achieved in an intact plant tissue. These studies undoubtedly prove that Raman microscopy in combination with MCR-ALS can be very useful in understanding the dynamics of cell wall architecture.
3·2 Single cell biochemistry
Knowledge about the components of cells and how they work is central to our understanding of life. Much of what we understand in biology can be attributed to cell biology. Cells, being the smallest functional unit in an organism, can be used to study structure, organization, function of organelles driving the life cycle, which eventually helps to understand the whole organism at any given instant. Moreover studies on cellular metabolic processes are essential to biomedical research, especially for cancer and other diseases. Yet, they remain a major challenge in the current systems biology, and has led to extensive metabolomics research employing destructive methods. Hence, studying metabolic processes at the single cell level in a non-destructive manner is of paramount importance to accurately map the global structure of the complex cellular metabolic network at any given point in time. Recent advancements in nuclear magnetic resonance and mass spectrometry have led to powerful, stable isotope probing (SIP) based methods such as metabolic flux analysis, mass isotopomer distribution analysis and DNA-/RNA-based SIP in metabolomics research.
Nevertheless all these methods either require destructive procedures or lack space specificity. Therefore, to probe metabolic processes, isotope labeled Raman microscopy has been suggested and developed as an alternative strategy to conventional biochemical and mass spectrometry based approaches as it is a non-destructive method with subcellular resolution. 49, 50 However, studying the series of steps involved in biochemical pathways using stable isotopes requires identification of isotopomers, and thus may not be a straightforward approach. It is this difficulty that led to exploring the possibility of coupling MCR-ALS to study metabolic pathways at the single cell level. Indeed, we have demonstrated that it is possible to study ergosterol metabolism in detail at the single cell level using fission yeast model. 8 Figure 3 shows the space-resolved lipid Raman spectra of S. pombe in mixed 12 C and 13 C isotope media. The band at 1602 cm -1 , corresponding to C=C-C=C symmetric stretch of the 5,7-diene structure of ergosterol in a pure 12 C medium redshifts to 1542 cm -1 in the 13 C medium. In the case of isotope mixture media, intermediate bands representing various isotopomers can be observed at 1584, 1560 and 1555 cm -1 with increasing 13 C concentration (Fig. 3A) . MCR-ALS analysis resolved 3 components (Fig. 3B) , mono-13 Csubstituted, di-and tri- 13 C-substituted and fully 13 C-substituted respectively along with their relative abundances in relation to isotope mixture in the medium (Fig. 3C) . Such possibilities are 
3·3 Exploratory studies
Another aspect of single cell biology focuses on understanding the molecular mechanism of the cell cycle, the complex and dynamic process that is central to reproduction in all living organisms. The sheer number of cellular components that work together in an orderly fashion to bring about cell division makes it difficult to obtain a holistic picture of this complex process. Again, Raman microspectroscopy coupled with MCR-ALS has proved to be a valuable tool to understand spatiotemporal changes at the single cell level. Huang et al. demonstrated MCR analysis on a four-dimensional (spectral dimension, two dimensions in space and time dimension) Raman data obtained from time-lapse Raman imaging of a single dividing yeast cell. 51 This particular approach disentangled dynamic changes in both concentrations and distributions of several major intracellular bio-macromolecules, such as lipids, proteins and polysaccharides, during the cell division cycle in a straightforward manner. A significant decrease of lipids (~50%) was observed after cell division. Additionally, a protein associated component indicating the phosphorylation event was also found indicating the superiority of this method over univariate approaches. Such exploratory studies are believed to help us to unravel yet unknown roles of key metabolites and underlying mechanisms.
Recently, Hsu et al. employed MCR for an exploratory investigation of cytokinesis at the molecular level in living cells whose results are showed in Fig. 4 . 52 The study on human colon cancer cells (HCT116) was aimed at unraveling novel chemical components involved in cytokinesis. Pure component Raman spectra of proteins and lipids along with their distribution maps in both interphase and dividing cells were obtained. Interestingly, MCR resolved an additional strong auto fluorescence component (component 4 in Fig. 4 ) which was found to accumulate predominantly near the cleavage furrow and colocalized with lipid component during cell division. This may serve as an endogenous probe for the in vivo visualization of the progress during cell division.
Medical Applications
Historically, Hartman et al. first reported Raman spectra of intact viruses in the early 70s, and revealed structural information related to viral protein and nucleic acid. 53 In 1974, Yu et al. reported Raman spectra from an intact calf eye lens. 54 Around the same time, Larsson et al. compared Raman spectra of blood from both healthy and diseased patients, and even proposed blood testing by Raman spectroscopy. 55 These works immediately opened up lens research. Detailed studies by Ozaki group led to a deeper understanding of lens aging and cataract formation through lens hydration, intermolecular disulfide bridge formation and micro environment change of tyrosine residues in lens protein. [56] [57] [58] [59] [60] [61] Raman spectroscopy has been successfully employed to both in vivo and in vitro, and one can easily find its application in various fields of medicine including pathology, 62, 63 physiology, 64 virology, 65 urology, 66, 67 and dentistry. [68] [69] [70] Either by using cells, dissected tissues or real time monitoring during surgery, researchers have demonstrated the utility of Raman spectroscopy, particularly in cancers related to brain, 71, 72 83, 84 Additionally, by analyzing biofluids such as blood and urine, non-invasive diagnostic assays are also being actively developed for many diseases such as diabetes (glucose level monitoring), 85, 86 cancer, 87, 88 asthma, 89 and malaria. 90, 91 Most of these studies relied on univariate analysis (one or two marker bands used for biomolecular identification). However, in order to obtain both qualitative and quantitative information, it is important to separate pure component spectra.
In a recent work, Patel et al. employed MCR-ALS to Raman imaging data from benign and tumorigenic uterine tissues. 25 The results demonstrated the superiority of MCR-ALS over other methods (HCA and PCA) in obtaining high contrast images with clear and defined margins of histological features. This is especially useful during surgical excision where there is a need to remove positive tumor margins. Figure 5 shows MCR component images of benign (tumor-adjacent) endometrium, stage I and stage II endometrioid cancer. Application of MCR to such a complex specimen led to accurate demarcation of features associated with glandular epithelium, stroma, glandular lumen and myometrium. Such a method is believed to remove doubts about cancer margin, and to provide a high degree of confidence during surgery, which can in turn help to decrease the risk of the local recurrence of cancer.
Another interesting demonstration was achieved recently by Chen et al., in which they have developed an automatic and objective oral cancer diagnosis by Raman spectroscopy and MCR. Raman spectra from both normal and cancerous tissue of a patient were obtained and MCR was constructed (Fig. 6) . 20 By making use of keratin, a well-established molecular marker of oral squamous cell carcinoma (OSCC), discrimination between normal and oral cancerous tissue was automated, primarily by comparing the MCR analyzed components with the standard keratin Raman spectrum. The Raman spectroscopic method for molecular monitoring of epithelial to mesenchymal transition, an indication of metastasis progression, in breast cancer cells has also been established. 92 MCR performed on confluent and sparse breast cancer cells showed a decrease in the cytokeratin content, and an increase in the fatty acid and tryptophan content indicating the transition.
The dynamic monitoring of retina inflammation has been demonstrated as well by in vivo Raman spectroscopy coupled with MCR. 93 Dynamic changes of molecular components such as increase of immune mediators, changes in energy producing molecules and decrease of phosphatidylcholine were observed during the evolution of retina inflammation which may become a promising application to study retina disease in vivo.
To develop successful biofluids-based Raman assays, the concentration of metabolite plays a key role. Surface-enhanced Raman spectroscopy (SERS) can be a useful alternative to detect for low concentration metabolites, and when combined with MCR it becomes even more powerful, since it renders pure component separation. Poppi lab has utilized this strategy to identify and possibly quantify different metabolites. [94] [95] [96] [97] A quantitative method for an on-site determination of uric acid in urine using gold nanoparticle coated paper substrate for SERS detection has been suggested. 96 Also, by using a similar nanoparticle coated substrate, a procedure for the determination of the antibiotic moxifloxacin in urine has been demonstrated. In these methods, standard addition in conjunction to MCR were applied to eliminate the matrix effects and to address overlapping bands, thereby isolating the spectral contribution of the analyte in the presence unexpected interferences from urine.
Conclusions and Outlooks
Raman spectroscopy by itself has been well established as a valuable technique, especially in biological and medical contexts. However, it becomes even more powerful when coupled with MCR-ALS analysis, as can be realized from examples in this review. Though utilization of MCR in Raman spectroscopy is considered to be in its early stage, the volume of literature elucidating structural and functional relationships of biomolecular components is steadily growing. Needless to mention, there is a huge potential for this method to advance our understanding in fundamental biology, and will also be of great use in in vivo and in vitro disease diagnostic applications. It is only appropriate to say that MCR-ALS coupled Raman spectroscopy is a sleeping giant waiting to unravel the mysteries in biological and medical sciences.
